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Supplementary Information Text 

1. Ammonia is the only plausible base that can be made locally in clouds.

A base is required that can play the role of B in the reaction: 

SO2 + H2O + B → SO2 + BH+ + OH- → BH+ + HSO3-. 

The pKa of the buffer H2SO3/HSO3- is 1.71, so we require a base for which the pKa of the pair B 
+ H+ / BH+ is greater than 1.71, to that there is a pH (H+ concentration) at which HSO3- is favored 
over H2SO3 and BH+ is favored over B. If the base is to be formed locally in the clouds and not 
transported from the surface, then it must be formed from locally available elements. Of the 
possible bases that could be formed from the elements present in volatile compounds in the 
clouds (H, C, N, O, F, P, S, Cl), only ammonia (NH3) or hydrazine fulfil that criterion as described 
in Table S1.  

2. Calculation of NH4+ salt concentration in cloud droplets.

The rate of settling of cloud particles can be estimated as follows. The lower cloud is 
characterized by particles in three size modes (1, 2). These particles are assumed to be roughly 
spherical. Assuming that they are small enough to fall under a laminar flow (Stokes) regime, then 
their settling velocity can be calculated from 

𝑣 = !
"
∙ #
$
∙ 𝑔 ∙ 𝑟!. 100			 cm/sec,   (1)

where v = terminal velocity in cm/sec, r = droplet density in kg/m3 (assuming that this is very 
much greater than the gas density, so the gas density can be neglected), µ = dynamic viscosity of 
the gas, g = acceleration due to gravity in m/sec2, which on Venus is 8.87 m/sec2, and r is the 
particle radius in meters. µ for pure CO2 at 100 oC is ~1.85∙10-5 kg/m/sec, and this is taken as the 
viscosity of the Venusian atmosphere. The particles are assumed to be roughly spherical – a 
slurry of liquid and solid is likely to adopt a roughly spherical form in free fall. The density of 
ammonium hydrogen sulfate is 1.79 g/cm3, the density of sulfuric acid is 1.74 -1.82 g/cm3, 
depending on concentration. We therefore adopt a density of 1.75 g/cm3. 

The rate at which material falls from the clouds is therefore 

𝑚% = 𝑑 ∙ 𝑣		g/cm2/sec,   (2) 

where mf is the mass falling past a ‘cloud base’ level, d is the mass density of cloud particles and 
v is the velocity. The mass density depends on the density of the particles, which itself depends 
on the concentration of solutes in H2SO4 (assuming that H2SO4 is the solvent phase). At the cloud 
base the droplets have previously been assumed to be ~100% sulfuric acid at ~100 oC, which 
has a density of 1752 kg/m3 (3). There is no data on the density of ammonium sulfite solutions in 
concentrated sulfuric acid, but the density of ammonium sulfate in concentrated sulfuric acid is 
only slightly different from the density of acid (4).  

The size distribution of the droplets is taken from (2) (although we note that their modelling of the 
clouds has been contested (5, 6)). The distribution of cloud particles was taken from the analysis 
of the Pioneer Venus sounder measurements reported in (2), for the 49 km (i.e. lower cloud) 
layer. They deduced a trimodal cloud distribution, with the distribution as described in Table S2. 
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Knollenberg and Hunten (ref. (2)) note that the log normal distribution of Mode 3 particles 
significantly under-estimates the abundance of the largest Mode 3 particles. We confirm this in 
Figure S1, top panel, where distributions have been fitted to the observed abundance data for the 
49 km sample, from Figure 12 of (2). Large particles have a disproportionate influence on the rate 
of loss of material from the cloud by setting for two reasons; they have larger volume and hence 
contain more mass, and have a larger cross-sectional area and hence settle faster. We therefore 
adopted a log-log-normal distribution (i.e. a distribution that is normal for log(log(diameter)), a 
function that is not defined for diameter < 1) for Mode 3 particles, which fits the observed data 
better (Figure S1, bottom panel). We do not claim that this has a realistic physical interpretation, 
just that this interpolates the observed particle distribution better than a log-normal distribution. 

This particle distribution is expected to settle at a rate yielding 6.71∙10-12 liters/cm2/second. 97.6% 
of this settling is carried by Mode 3 particles. The value of the necessary flux of SO2 from the 
clouds from equation (1) can now be compared to the flux of particle mass from the clouds in 
equation (2). Assuming a density of 1750 kg/m2 for the droplets made mostly of sulfuric acid or its 
salts, the concentration of SO2 is 

[SO!] = 	
#
&!
∙ '
("

= 9.34 − 18.05	molar (3) 

where r and mf are as defined above, d is the density of the cloud droplets and Na is Avagadro’s 
number, 6.023∙1023, with a range of values depending on whether the mean Mode 3 particle 
diameter is 7.5 or 8.5 microns. A saturated solution of ammonium hydrogen sulfite in water is ~5 
molar. The density of solid ammonium sulfite is 1.41g/cm3 (7) (no density of available for solid 
ammonium hydrogen sulfite), which implies that solid ammonium sulfite has ~12 moles per 1000 
cm3. Thus, for settling of cloud particles to be the sole removal mechanism for ammonium sulfite, 
and ammonium sulfite formation to be the sole mechanism for removal of SO2, the cloud particles 
must be super-saturated in ammonium salts, and may be mostly solid ammonium salts with a 
small liquid phase of aqueous sulfuric acid. We note that this model presents the “upper limit” of 
ammonium sulfite concentration needed to explain the depletion of SO2 in the clouds, as NH3 
does not have to be the only neutralizing agent in the clouds (8). 

3. Evidence that Mode 3 particles are non-spherical.

Estimates of the refractive index of the particles in the lower cloud suggest a value of ~1.33 
assuming spherical droplets (9), which is lower than any plausible value for concentrated sulfuric 
acid. The droplets could be more dilute sulfuric acid, but this is not compatible with the vapor 
pressure in the clouds (10). This anomaly can be resolved if the particles absorb a small amount 
of incident light; however (11) find no noticeable absorption in the lower clouds. An alternative 
explanation is non-spherical particles (2, 9). which implies non-liquid ones. The Pioneer Venus 
sounder data supports non-spherical particles for the largest Mode 3 particles. The optical array 
spectrometer (OAS) instrument had three photodiode arrays which measured the shadow of 
particles as they passed, which makes the particle size measurement independent of particle 
composition. In the lower cloud, the range 2 array (which measures particles of 5 – 53 µm 
diameter) counted 72 particles larger than 16 µm, whereas the range 3 array (which measures 
particles of 16 – 181 µm diameter) counted only 3 particles (2). The comparison is complicated by 
different sampling volume and different sensitivities, but a discrepancy significant to p<0.01 
remains. Such discrepancies are well-known in using OAS instruments to measure non-spherical 
particles such as snowflakes (12). The particle size distribution as determined by the OAS and 
reflectance as determined by the solar flux radiometer are also inconsistent with spherical 
particles (13).  

We note that the early Venera and Vega measurements of the cloud particles’ properties are 
consistent with data acquired by Pioneer Venus (14) and likewise have also returned inconsistent 
data about the cloud composition. We acknowledge however that the Mode distribution of the 
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Venus’ cloud particles is a topic of decades-long heated debate. Several studies questioned the 
existence of the large Mode 3 particles altogether, e.g. (6, 15), and for example claimed that 
Mode 3 could in fact be a large “tail” of the liquid Mode 2’ distribution, once calibration errors are 
taken into account (5).  

Such decades-long lingering questions on the true nature of the Venus cloud particles strengthen 
the need for a renewed campaign of in situ measurements to characterize the aerosols. 

4. Details of atmospheric photochemistry model.

In the rest-frame of the parcel, diffusion terms are accounted for by time-dependence of the 
chemical production, 𝑃) 	<cm3 s-1=, and loss, 𝐿) 	<s-1=, and so below the homopause, resulting in 
the equation: 

∂𝑛)
∂𝑡 = 𝑃)[𝑡(𝑧, 𝑣*)] − 𝐿)[𝑡(𝑧, 𝑣+)]𝑛) , (4) 

where 𝑛) 	<cm-3= is the number density of species i, t (s) is time, z [cm] is atmospheric height. 
Convergence conditions and further details, including the chemical network, are given in (8). We 
implement the effective rates for SO2 depletion into the clouds under the assumption that the NH3 
chemistry is sufficient to regulate the in-cloud SO2 abundances. We modify the model to add in-
cloud fluxes of O2, NH3, H2S and SO3. The degassing rates represent the following reactions: 

4(NH4)2SO3 → NH3 + H2S + 3(NH4)2SO4 
(NH4)2SO4 → 2NH3 + H2O + SO3) 
2N2(aq) + 10H2O(l) → 4NH4+OH-(aq) + 3O2(aq) 

with the rates defined as: 

Eq. (5): 

Eq. (6): 

Eq. (7): 

Eq. (8): 

where h1 = 30 km, h2 = 35 km h3 = 40 km, h4 = 45 km, h5 = 50 km and h6 = 65 km. The heights 
are set based on altitudes i) at which ammonium sulfate decomposes (h1 and h2), ii) at which 
ammonium sulfite disproportionates (between h3 and h5), and iii) at which oxygen is presumed to 
be produced in the lower cloud (between h4 and h6). The altitudes h3, h4, h5 and h6 are set by the 
temperature profile of Venus’s atmosphere. Φ0 = 1.5 ∙107 cm−3 s−1 is the degassing rate needed 
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to account for the amount of ammonium sulfite sufficient to store the in-cloud SO2. The leading 
factors are stoichiometric. The overall fluxes of our model are shown on Figure S2. 

The boundary conditions for surface abundance in the photochemical model are listed in Table 
S6. 

5. Prediction of vapor pressure of NH3 over solution of different pH.

The abundance of NH3 in the atmosphere over a solution of given pH was calculated as follows. 
The abundance of free NH3 in a solution of ammonium salts is given by 

𝑝𝐾𝑎 = log,- ∙
[&/#]∙[/$]
[&/%$]

, 

where [NH3] is the concentration of free NH3 in solution. The concentration of NH3 in gas phase is 
given by 

JNH2(4)M = 𝐻 ∙ JNH2(67)M, 

where H is Henry’s constant. The pKa for NH3 as a function of temperature and pH was 
calculated as described by (16). Henry’s law as a function of temperature was taken from 
averaged values presented by (17). The result for different pH values the Mode 3 particles is 
shown in Figure S3. 

6. Commentary on the Venera 8 detection of NH3.

The Venera 8 gas analyzer had a dedicated instrument to detect NH3 using bromophenol blue as 
an indicator of a basic atmospheric component (18). This experiment for the determination of the 
NH3 mixing ratio in the 44 to 32 km altitude region estimated the NH3 mixing ratio between 0.01% 
and 0.1%, from the color change of “bromophenol blue” (18). The Venera 8 values are difficult to 
reconcile with the proposed 6 ppb upper limits for NH3 abundance above the clouds (19), unless 
the NH3 loss in the upper atmosphere is balanced by a constant production that is localized to the 
lower atmospheric regions (the clouds and the stagnant haze layer below). Such discrepancies 
can only ultimately be resolved by new in situ measurements of NH3 in the clouds of Venus. 

It appears that the instrument detected absorbance change in bromophenol blue exposed to 
atmosphere compared to a control chamber; however absorbance was measured by 
photoresistor response to an (undescribed) light source (18, 20), and so might not have been 
able to distinguish color change due to pH change from color change resulting from indicator 
breakdown, as also pointed out by (21) who postulated that the Venera 8 NH3 detector could 
have responded to gaseous sulfuric acid, as bromophenol blue turns violet-red in concentrated 
sulfuric acid.  

7. Non-biological pathways of formation of NH3 in the clouds of Venus.

7.1. Production of NH3 by lightning. 

We model the production of NH3 by lightning following the model of (22). The molecules 
intercepted by a lightning bolt are assumed to be broken into their component atoms, and then 
these recombine at random depending solely on the relative numbers of atoms. Thus, to make 
NH3, a nitrogen atom must collide with three hydrogen atoms and not collide with any other atom. 
Thus, the fraction of N atoms that form NH3  
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𝑓(𝑁) = Q/
8
R
2
,

where f(N) is the fraction of N atoms that form NH3, H is the number of N atoms/cm3 and T is the 
total number of atoms /cm3. Assuming 100 lightning strikes/second, a ratio of cloud:cloud vs 
cloud:ground lightning strikes of 100:1, 100 diameter lightning bolts that are 10 km long in the 
clouds and 45 km long between clouds and ground, and using the range of gas concentrations 
used in (22), we find the production rate of NH3 is 16.7 moles/year (standard deviation 1.26), i.e. 
285.6 grams/year. An example of the calculation is given in Table S3. 

The examples of the calculations presented in Table S3 assume a lightning strike rate similar to 
Earth. The rate would have to be ~109 times the terrestrial value to approach the production rate 
needed to explain the presence of NH3 in the clouds, even assuming this mechanism. Such 
extreme lightning activity seems implausible. This is in line with previous work on NH3 as a 
biosignature gas (23). 

As an extreme calculation, we calculated what the thermodynamic equilibrium concentration of 
NH3 and oxygen would be if the entire atmosphere was ‘shocked’ to high temperature and 
quenched at 1200 K, the temperature at which lighting or shock-driven reactions can be 
considered to be quenched (Zahnle et al. 2020, their Fig. 1 (24)). The result is shown in Table S4. 
Such a scenario would require the entire atmosphere to be filled with lightning, not dissimilar to 
the scenario required in the calculation above, in Table S3.  

7.2. UV photolysis producing NH3. 

We can model the photochemical production of NH3 in two ways. The first is to perform a full 
photochemical model of the atmosphere, using available kinetic data. This has been done 
previously, and suggests negligible (~ parts per tirillion, ppt) NH3 abundance (e.g. the Rimmer et 
al hydroxide cloud chemistry model achieves ~11 ppt of NH3 (8)).  

There remains the possibility that non-equilibrium photochemistry using pathways not modelled 
could generate NH3. Given that the photochemistry of nitrogen species in gas phase has been 
explored very extensively, the most likely context for this would be the photochemistry of N2 in 
sulfuric acid solution, which to our knowledge has not been explored. N2 is not protonated in 
H2SO4; indeed, N2 is frequently used as an inert carrier gas for investigations of reactions of 
gases with H2SO4. It also is unlikely that reaction in H2SO4, a powerful oxidizing agent, would 
produce a reduced gas. However the possibility remains, and could be explored experimentally. 

7.3. Volcanic production of NH3. 

For the purposes of exposition, we assume that Venusian volcanoes produce NH3 at the same 
rate as terrestrial volcanic and hydrothermal systems. This will grossly over-estimate production 
of NH3, as the large majority of terrestrial NH3 is produced as a result of the presence of abundant 
water in volcanic and hydrothermal systems (for example, by reaction in serpentizing systems). 
However, this provides as basis for comparison. 

A tabulation of the fraction of gas over 100 oC emitted by terrestrial fumaroles is summarized in 
Figure S4. (Gas below 100oC is liable to condense and wash out any NH3 present).  

The geometric mean ratio NH3/CO2 was 0.004. Estimates of the global volcanic CO2 emission is 
6 – 11 x 1012 moles/year (25). This suggests a flux of NH3 of a maximum of ~640 g/second. This 
is ~5 x 104 times too low a rate to fit the model presented here. For volcanism to be a plausible 
source of the NH3 required by this model, a) volcanism on Venus would have to be more than 104 
times as volcanically active as Earth and b) Venusian volcanism must involve either as much 
water as terrestrial volcanism or have an equally abundant, alternative source of hydrogen. 
Neither requirements appear plausible.  
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We note that trace NH3 can also be produced by some, but not all, volcanic systems on Earth 
(see (26) and their Table 2.38). For example, (27) reported an emission of volcanic NH3 from the 
volcano on Miyake-jima island, in the Izu archipelago, that reached 5 ppb locally. The likely 
source of NH3 in such cases is the thermal breakdown of organic matter in the crust that has 
accumulated in the oceanic sediments. The organic matter reacts with the rising magma beneath 
the volcano, producing NH3 gas (27, 28). This mechanism would only apply if there were coal 
seams on Venus, which itself would be a strong biosignature, albeit one hard to test without 
drilling.  

8. Non-biological pathways of formation of molecular oxygen in the clouds of Venus.

8.1. Production of O2 by lightning. 

The calculation above also suggests that, despite oxygen atoms being abundant in the 
atmosphere, the production of O2 is very inefficient and will result in very low abundances of O2. 
In addition, any lightning production of O2 will destroy any > 1 ppt concentrations of NH3, 
dissociating the molecule alongside CO2. The end result will be conversion of the majority of the 
NH3 into NO, N2 and H2O. Lightning production of O2 is not compatible with the survival of NH3. 

8.2 Production by thermal breakdown of H2SO4. 

H2SO4 is thermally dissociated into SO3 and H2O below ~35 km in Venus atmosphere (29). The 
equilibrium amount of O2 formed by the reaction 

2SO3 → 2SO2 +O2, 

was calculated as follows. The standard free energy of the reaction was calculated from 
NIST/JANAF tables (17). The abundance of SO3 is calculated by (30) to be very low in the lower 
atmosphere, and was taken to be 10-7. The abundance of SO2 was taken from the same source 
to be 2x10-4. From this, the equilibrium partial pressure of O2 can be calculated for a given 
pressure. As the pressure for temperatures >730 K (i.e. below the Venusian surface) are 
speculative, calculations were done at 1 bar – lower pressure will favor O2 production, and so this 
favors O2 production in the lower atmosphere. The results are plotted in Figure S5. This shows 
that at Venus surface temperature the expected abundance of O2, if SO3 is present at the 
relatively high abundance of 10-7, is ~5x10-12, i.e. 6 orders of magnitude less than that reported by 
Pioneer Venus and required by our model. 

Also plotted for comparison is the thermodynamics of the industrial processing pure H2SO4, i.e. 
partial pressure SO3 = 0.5, and 10% SO2. This shows that the industrial process is indeed 
thermodynamically efficient at breaking down SO3 at temperatures around 700 oC.  

9. Hydrogen in biological molecules.

We analyzed three databases of biological molecules for the relative abundance of hydrogen 
atoms. A database of ~200,000 natural products (31) has been exhaustively validated as 
exclusively being bona fide products of metabolism in a diverse range of organisms. We also 
used the Roche Biochemical Pathways map of ‘core’ metabolism 
(https://www.roche.com/sustainability/philanthropy/science_education/pathways.htm), and the 
compounds in the KEGG database https://www.genome.jp/kegg/); we note that KEGG contains a 
number of compounds such as drugs that are not strictly biological molecules. Structures in all 
three databases were converted into SDF structures with explicit hydrogens using Open Babel 
(http://openbabel.org/), and the numbers of each atom were counted in each of the databases. 
These are provided in Table S5, together with the fraction that are hydrogen atoms.  
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10. Details of the biologically-based NH3 production model.

Roman numerals refer to elements of the model summarized in Figure 2 of the main text. 

(I) NH3 is produced locally in the clouds from atmospheric N2 and H2O (Table 1, main text)
by metabolically active microorganisms (black dots) inhabiting cloud droplets (white
circle). NH3 (which is largely confined within the droplet) neutralizes the acid. NH3
production leads to release of O2 which diffuses out of the droplet into the atmosphere,
therefore contributing to the anomalous detections of O2 in the clouds.

(II) The production of NH3 raises the droplet pH to ~1 trapping the SO2 and H2O in droplet
as ammonium hydrogen sulfite (NH4HSO3). The production of sulfite salts in the droplet
leads to the formation of a large, semi-solid (and hence non-spherical) Mode 3 particle
(white decagon).

(III) The Mode 3 particle settles faster than Mode 2 particles, and falls out of the clouds
where ammonium sulfite disproportionates to ammonium sulfate and ammonium
sulfide; the latter decomposes to H2S and NH3, which in turn undergo photochemical
reactions to a variety of products.

(IV) Disproportionation and gas release break up the Mode 3 particles into smaller haze
particles. Any microorganisms in the Mode 3 particles would have to form spores (black
ovals) to survive in this environment. The data available on the stability of ammonium
sulfite or ammonium bisulfite in dry conditions is limited, but suggests the ammonium
sulfite disproportionates to ammonium sulfate and ammonium sulfide at ~100 oC (32);
ammonium sulfide is unstable and dissociates to NH3 and hydrogen sulfide. Survival
of spores at 100-120 °C is plausible, based on terrestrial precedent. Some bacteria
can even grow at up to 120 °C (in water) (33), and some bacterial spores can survive
repeated autoclaving at 135 °C (34); it has even been suggested that some can survive
‘ashing’ at 420 °C (35).

(V) Some spores can be transported back to the cloud layer by gravity waves, as described
by (36). In brief, gravity waves in the atmosphere launched by convective plumes
arising in the adjacent (50-55 km and ~18-28 km) convective regions (37–41) can
compress atmospheric layers, and allow upwards and downward vertical winds with
vertical velocities of ~1 m s-1, as measured directly by the Venera landing probes 9 and
10 at the lower haze layer altitudes (and below) with anemometers (42). Metabolically
inactive spores that are brought back to the cloud layers would have to act as cloud
condensation nuclei (CCN) and survive in conc. H2SO4 long enough to produce a "first
batch" of NH3 to neutralize the acid of the smaller droplet. The mechanism by which
this happens is the subject of future work, but possible options are the chemical or
photochemical release of NH3 from stored molecules (which chemically neutralizes the
condensing H2SO4), the storage of other poly-bases that could neutralize H2SO4,
possibly forming an ionic liquid phase in which biochemistry could start (e.g. using
imidazole derivatives as a base (43)), or that the spores contain highly hygroscopic
materials that selectively concentrate water from the environment (perhaps coupled
with a selectively sulfuric acid-resistant shell to prevent H2SO4 from entering the cell
as well (36, 44)). See (36) for more details of this transport mechanism.

(VI) The ammonium sulfate particle falls further below the cloud decks, where ammonium
sulfate decomposes to SO3, NH3 and H2O, releasing spores into the sub-cloud haze
layer as proposed by (36). Ammonium sulfate decomposes at ~200 oC to NH3, water
and SO3 (45).

(VII) Spores released at this stage may be unviable (grey ovals), but any surviving could
also be transported back to the clouds.



9 

10.1 Additional commentary on the biologically-based NH3 neutralization of conc. H2SO4 
cloud droplets. 

For completeness we note that NH3 may also be consumed in neutralizing the existing sulfuric 
acid in the cloud droplets to ammonium hydrogen sulfate (NH4HSO4). Such scenario could 
happen if a spore germinates after occupying a pre-formed concentrated sulfuric acid Mode 2 
droplet, rather than acting as a CCN and neutralizing acid during the condensation phase (step 
(V) in the Figure 2 legend). A single cell in an average Mode 2 droplet would take ~6.2 days to 
convert all the acid in that droplet to ammonium hydrogen sulfate at an NH3 production rate of 
~4∙10-7 grams/gram biomass, assuming 80% sulfuric acid. A typical Mode 2 particle would fall 
down only ~100 m in ~6.2 days (36). However, we note that the exact kinetics of acid 
neutralization will depend on the complex kinetics of droplet growth and aggregation.

The scenario above assumes that half of the volume of the typical 2 µm Mode 2 particle is 
occupied by a cell (1.2 µm in diameter) and the second half is filled with a solvent. The other 
assumptions and results of calculations are as follows: 

 = 2.84∙10-8 - Rate of production (from the literature, as mentioned in the main document) 
moles NH3/gram biomass

- Diameter of mode 2 particle = 2µm
- Volume ≈ 4.19∙10-12 cm3

- Moles of sulfuric acid as pure acid = 5.98∙10-14

- Fraction of acid assumed = 80 wt%
- Amount of NH3 required = 0.8 x 5.98∙10-14 ≈ 4.8∙10-14 moles
- Mass of biomass in the particle assuming 50% occupancy and a density of 1.5 g/cm3 =

3.14∙10-12 g
- Seconds for that biomass to make that amount of NH3 = 4.878∙10-14 / [3.14∙10-12

x 2.84∙10-8] = 5.36∙105 seconds = 6.2 days.
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Fig. S1. Observed particle abundances as a function of particle size and trimodal model of those 
abundances. X axis; particle size in microns. Y axis; abundance in particles/cm3/µm. Colored dotted 
lines are models of the three proposed size modes. Solid line is the total distribution. Black dots 
are data points from the Pioneer Venus sounder probe. Top Panel; match to trimodal distribution 
where Mode 1 is log-normal, Mode 2 is normal and Mode 3 is log-normal. Bottom Panel: match to 
trimodal distribution where Mode 1 is log-normal, Mode 2 is normal and Mode 3 is log-log-normal. 
We adopted a log-log-normal distribution (i.e. a distribution that is normal for log(log(diameter)), a 
function that is not defined for diameter < 1) for Mode 3 particles, which fits the observed data better 
(bottom panel).  
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Fig. S2. The overall fluxes of the model.   
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Fig. S3. The vapor pressure of sulfuric acid over ammonium sulfate is in the ppt level at 100 °C 
(46). The detection of vapor phase H2SO4 at cloud levels on Venus is likely to be due to the gas 
phase production of H2SO4 from photochemical oxidation of SO2, as is true on Earth (46). 
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Fig. S4. A tabulation of the fraction of gas over 100 °C emitted by terrestrial fumaroles. 
Fraction of volcanic gas that is NH3 (Y axis) vs fraction that is CO2 (X axis). Data from the following 
literature sources (47–53). 
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Fig. S5. Prediction of the equilibrium abundance of O2 formed from the thermal breakdown of sulfur 
trioxide, at 1 bar pressure, under Venus and industrial gas abundances. See text for details. 
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Table S1. pKa of SPONCH bases. Only NH3 has a pKa > the pKa of sulfurous acid of 1.71. 

. 
 

 
 
 
 

Hydrazine is more reactive, more unstable to photochemical destruction, and requires more 
energy to synthesize than NH3, and so we will not consider it further here.  
 
 
  

Element Base 
equilibrium pKa 

N NH3 « NH4+ 4.75 
N N2H4 « N2H5+ 5.9 
S H2S « H3S+ <-11 
P PH3 «PH4+ -14 
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Table S2. The distribution of cloud particles at the altitude of 49 km (i.e. lower clouds). Data was 
taken from the analysis of the Pioneer Venus sounder measurements reported in (2). The particles 
have a trimodal distribution. 

Mode Distribution of 
particle numbers 
as a function of 
diameter 

Total 
number per 
cm3 

Mode 1 Log normal 1200 
Mode 2 Normal 50 
Mode 3 Log normal 50 
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Table S3. Assessment of the formation of NH3 in the Venusian environment by lightning. 
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H atoms All other 
atoms 

0 735 92.1 1.266E+24 7.347E+27 5.115E-12 1.649E-11 2.984E-10 0 3.534E+02 1.055E-07 

5 697 66.5 9.142E+23 5.305E+27 5.116E-12 1.191E-11 2.273E-10 0 3.534E+02 8.032E-08 

10 658 47.39 6.515E+23 3.780E+27 5.115E-12 8.484E-12 1.715E-10 0 3.534E+02 6.063E-08 

15 621 33.04 4.684E+23 2.636E+27 5.610E-12 6.488E-12 1.390E-10 0 3.534E+02 4.912E-08 

20 579 22.52 3.193E+23 1.796E+27 5.610E-12 4.422E-12 1.016E-10 0 3.534E+02 3.591E-08 

25 537 14.93 2.116E+23 1.191E+27 5.609E-12 2.931E-12 7.261E-11 0 3.534E+02 2.566E-08 

30 495 9.851 1.338E+23 7.858E+26 4.935E-12 1.701E-12 4.573E-11 0 3.534E+02 1.616E-08 

35 453 5.917 8.037E+22 4.720E+26 4.934E-12 1.022E-12 3.001E-11 0 3.534E+02 1.060E-08 

40 416 3.501 4.755E+22 2.793E+26 4.932E-12 6.044E-13 1.933E-11 0 3.534E+02 6.831E-09 

45 383 1.979 2.687E+22 1.579E+26 4.931E-12 3.416E-13 1.186E-11 7.854E+01 0 9.318E-08 

50 348 1.066 1.807E+21 8.501E+25 9.608E-15 3.585E-16 1.370E-14 7.854E+01 0 1.076E-10 

55 300 0.5314 2.930E+20 4.237E+25 3.306E-16 6.149E-18 2.727E-16 7.854E+01 0 2.142E-12 

60 263 0.2357 6.444E+19 1.879E+25 4.031E-17 3.325E-19 1.682E-17 7.854E+01 0 1.321E-13 

65 243 0.0976 2.669E+19 7.787E+24 4.027E-17 1.376E-19 7.534E-18 7.854E+01 0 5.917E-14 

70 230 0.0369 1.009E+19 2.942E+24 4.026E-17 5.200E-20 3.008E-18 7.854E+01 0 2.362E-14 
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Table S4. Calculation of the thermodynamic equilibrium concentration of NH3 and O2 if the entire 
atmosphere was ‘shocked’ to high temperature and quenched at 1200 K. All properties were 
evaluated using the Chemkin® Collection and STANJAN  
(https://navier.engr.colostate.edu/code/code-4/index.html, 2019 David Dandy). 
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Table S5. Counts of atoms in all  of three databases of biological molecules, the natural products 
database compiled by (31), the Roche metabolic map database of ‘core’ metabolism, and KEGG 
database.  
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Roche map 
metabolites 

699 49.34% 312.97 9056 14337 1205 4028 335 78 16 

KEGG 15543 49.01% 392.12 296944 403473 22376 89934 3221 2707 4643 

Natural 
Products 
Database 

204053 49.16% 481.43 5290405 6769512 137557 1545192 1292 11534 13551 
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Table S6. Boundary conditions for the photochemical model of the Venusian atmosphere. 

CO2 N2 SO2 H2O CO OCS HCl H2S NO H2 
96% 3% 150 ppm 30 ppm 20 

ppm 
5 ppm 500 ppb 10 ppb 5.5 

ppb 
3 ppb 
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